Objective: Antithyroid drugs (ATDs) may have teratogenic effects, but more evidence is needed on the risk and types of birth defects after the use of methimazole (MMI) and propylthiouracil (PTU). This study aimed to evaluate the association between the use of ATDs in early pregnancy and birth defects. Design: Swedish nationwide register-based cohort study. Methods: The study included 684 340 children live-born in Sweden from 2006 to 2012. Exposure groups defined by maternal ATD use in early pregnancy were MMI (n = 162); PTU (n = 218); MMI and PTU (n = 66); ATD before or after, but not in pregnancy (n = 1551) and non-exposed (never ATD (n = 682 343)). Outcome was cumulative incidence of birth defects diagnosed before two years of age. Results: The cumulative incidence of birth defects was not significantly different in children exposed to MMI (6.8%, P = 0.6) or PTU (6.4%, P = 0.4) vs non-exposed (8.0%). For subtypes of birth defects, MMI was associated with an increased incidence of septal heart defects (P = 0.02). PTU was associated with ear (P = 0.005) and obstructive urinary system malformations (P = 0.006). A case of choanal atresia was observed after exposure to both MMI and PTU. The incidence of birth defects in children born to mothers who received ATD before or after, but not in pregnancy, was 8.8% and not significantly different from non-exposed (P = 0.3), MMI exposed (P = 0.4) or PTU exposed (P = 0.2). Conclusions: MMI and PTU were associated with subtypes of birth defects previously reported, but the frequency of ATD exposure in early pregnancy was low and severe malformations described in the MMI embryopathy were rarely observed.
Introduction
Hyperthyroidism in pregnant women should be adequa tely treated to prevent maternal and fetal complications (1, 2, 3) . The treatment of choice in pregnancy is antithyroid drugs (ATDs) (4, 5) . A main concern about the use of ATDs in general is the risk of severe side effects such as agranulocytosis and liver failure (6) . However, for the use of ATDs in pregnant women, a potential risk of birth defects is added to this concern (6) .
From the 1970s, an increasing number of case reports described similar types of malformations in children born to mothers who had been treated with methimazole (MMI) or the prodrug carbimazole (CMZ) in the early pregnancy (7) . In more recent years, a number of cohort studies have been published (8, 9, 10, 11, 12, 13) . The majority of studies found no association between birth defects and the use of MMI (8, 10, 12, 13) , whereas two studies from Japan (9) and Denmark (11) found that the use of MMI in early pregnancy was associated with 2-4% additional cases of birth defects compared with nonexposed. Furthermore, the types of birth defects were in line with the previous observations from case reports.
The majority of studies (8, 9, 10, 12, 13) did not observe an increased prevalence of birth defects in children born to mothers treated with PTU in the early pregnancy. However, the use of PTU was associated with a higher prevalence of face and neck and urinary system malformations in a Danish nationwide study (11) . Such malformations were not observed after MMI, and although the defects appeared less severe, the majority of children underwent surgery (14) .
Recently revised clinical practice guidelines from the American Thyroid Association (ATA) recommend the use of PTU in early pregnancy, but also address the possibility of ATD withdrawal in appropriately selected patients (4, 5) . Many clinical aspects are still uncertain and more studies are needed on the association between the use of ATDs in early pregnancy and birth defects.
A unique feature in the Nordic European countries is the collection of health data in nationwide registers. We used data from Swedish national registers to study the association between the use of ATDs in early pregnancy and birth defects. More specifically, the study aimed to evaluate the previous findings from Denmark in another cohort using the same type of data and a similar design.
Subjects and methods

Study population
Swedish health care data are collected in nationwide registers and a unique personal identification number enables linkage between the different registers in encrypted form. In the Swedish Medical Birth Registry (MBR) (15) , we identified all liveborn children in Sweden between January 1, 2006 and December 31, 2012 (n = 738 502) and their mothers as well as information on maternal characteristics (age, parity, type of pregnancy (singleton/ multiple), origin, smoking, height and weight) and child characteristics (gender, gestational age at birth, birth weight, mode of delivery) registered at the time of the woman's midwife consultation in early or late pregnancy or at the time of birth of the child.
Exposure
Information on maternal use of ATDs was obtained from the Swedish Prescribed Drug Register (SPDR) (16) , which holds data on all prescriptions drugs in Swedish since 2005 including the type of drug according to the Anatomical Therapeutic Chemical classification system (ATC) and the date of sale. We identified all prescriptions of ATDs (ATC H03B) and thyroid hormones (ATC H03A) dispensed between July 1, 2005 and December 31, 2014. ATDs included MMI (H03BB02) and PTU (H03BA02), whereas no prescriptions of carbimazole (H03BB01) were identified.
Pregnancy period (first day of last menstrual period to the birth of the child) was estimated by subtracting gestational age at birth from the date the child was born. We defined the child as exposed to maternal ATD in early pregnancy if the mother had at least one redeemed prescription of ATD less than six months before the estimated pregnancy start and before the 11th gestational week (n = 454). In six pregnancies, the mother redeemed prescriptions of ATD in the sixmonth period before pregnancy, but underwent thyroid surgery before conception. These women redeemed prescriptions of thyroid hormones after the date of thyroid surgery and were not included. Similarly, two women were excluded because they redeemed prescriptions of both MMI and PTU in the sixmonth period before pregnancy, but initiated continuous treatment with thyroid hormone before pregnancy. Thus, 446 children were classified as ATD exposed and grouped according to the type of maternal ATD treatment: 'PTU exposure' (PTU prescriptions only (n = 198) or MMI in the beginning of the period changing to PTU before the estimated pregnancy start (n = 20)), 'MMI exposure' (MMI prescriptions only (n = 162)), and 'MMI and PTU exposure' (both MMI and PTU treatment after the estimated pregnancy start; MMI followed by PTU (n = 64), PTU followed by MMI (n = 2)).
Of the children who were not exposed to ATD, we predefined a group of children (n = 1551) born to mothers who were treated with ATD more than one year before or more than one year after pregnancy and received no treatment with thyroid hormone in pregnancy. Finally, children born to mothers with no redeemed prescriptions of ATD or thyroid hormones from 2005 to 2014 and no diagnosis of hyperthyroidism registered from 2005 to 2014 in the Swedish National Patient Register (SNPR) (17) were categorized as 'non exposed' (n = 682 343). Children who did not fulfill the criteria for any of the exposure groups were not included (7.3%), and the majority were excluded from the nonexposed group, because the mother had redeemed prescriptions of thyroid hormones.
To validate the frequency of ATD exposure in early pregnancy comparison was made to the frequency of ATD exposure in a Danish nationwide study population (11 
Outcome
Diagnoses of birth defects in the children were obtained from the SNPR (17) , which holds nationwide data on both inpatient and outpatient visits to any Swedish hospital and specialist clinics since 2001 coded according to the 10th International Classification of Disease (ICD10). We included all inpatient and outpatient visits with a main or additional diagnosis of birth defects (ICD10: Q00Q99) registered before the child was aged two years. The SNPR did not include diagnoses from general practice.
Statistical analysis
The primary outcome was predefined as a diagnosis of one or more birth defects (all types combined) before the child was aged two years. The secondary outcome was 13 predefined subgroups of malformations according to ICD10 classification, as previously described (11) . Based on previous findings (18), we also selected the specific diagnoses of heart septal defects as outcome (ICD10: Q21). Chisquare test was used to compare the cumulative incidence (referred to as incidence) of birth defects by exposure groups, and the Mann-Whitney U test was used for comparison of the time interval from pregnancy start to the shift in therapy from MMI to PTU in early pregnancy.
To evaluate the role of potential confounding, we used a logistic regression model to estimate crude and adjusted odds ratio with 95% confidence interval for the overall incidence of birth defects. The adjusted model included birth year of the child, maternal age, parity, type of pregnancy, body mass index, smoking and origin as categorical variables. Additionally, information was obtained on maternal comorbidities (registered before, during or up to two years after pregnancy) including diabetes (hospital diagnosis in SNPR (ICD10: E10E14) or redeemed prescriptions of antidiabetic drugs in SPDR (ATC: A10)) and use of antiepileptic drugs (ATC: N03).
The study was approved by the Regional Ethical Review Board in Stockholm, Sweden ( . All data were made available in encrypted form so that no individuals could be identified.
Statistical analyses were performed using STATA, version 14 (Stata Corp). A 5% level of significance was chosen.
Results
Altogether 684 340 children were included and 446 children (0.065%) were exposed to maternal use of ATD in early pregnancy (PTU 0.03%, MMI 0.02%, MMI and PTU 0.01%). PTU treatment was more common than MMI, and ATD treatment in early pregnancy was less frequent in the Swedish population than previously observed in the Danish population. Comparison of the overall use of ATD in women age 20-39 years in the two Nordic countries corroborated this disparity ( Fig. 1) .
As expected, women treated with ATD in pregnancy were older and more frequently smoking compared with the large group of nonexposed children (Table 1) . In addition, they were more often of nonSwedish origin ( Table 1 ). The study also included 1551 children born to mothers treated with ATD before or after, but not in pregnancy (Table 1 ) and the majority of these women (n = 1408) were treated with ATD in the years after pregnancy. 
Cumulative incidence of birth defects
The primary outcome under study was the cumulative incidence of birth defects in the child diagnosed before the age of two years. The overall incidence was 8.0% in the large group of nonexposed children ( Table 2 ). The incidence was not significantly different from nonexposed in children exposed to MMI (P = 0.6) or PTU (P = 0.4) in the early pregnancy, and the incidence of birth defects after MMI (6.8%) and PTU (6.4%) exposure were similar (P = 0.9). The overall incidence of birth defects in children born to mothers treated with ATD before or after, but not in pregnancy, was 8.8% and not significantly increased compared with nonexposed children (P = 0.3). The results of the crude and adjusted logistic regression analyses were not considerably different for the overall outcome of birth defects (Table 3) . Additional adjustment for maternal comorbidities as well as deviations in birth weight, gestational age at birth and mode of delivery did not change these figures. The secondary outcome was the subtypes of birth defects according to 13 predefined groups ( Table 2) . ATD, antithyroid drug. a Calculated from maternal weight in early pregnancy at the first pregnancy midwife consultation. b Self-reported information on smoking three months before pregnancy, in early and/or in late pregnancy. c Children with missing value on maternal body mass index (n = 54 710), smoking (n = 29 171), origin (n = 3549) or birth weight (n = 871) were not included.
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From this evaluation, it appeared that the pattern of birth defects after MMI and PTU exposure and in nonexposed children differed (Table 2) .
MMI exposure
Among MMIexposed children, none of the subgroups of malformations (Table 2 ) reached statistical significance in comparison with the nonexposed group. The most frequent type of malformations after MMI exposure was congenital heart defects (n = 6). Notably, these were all heart septal defects. The incidence of heart septal defects was significantly increased after MMI exposure (Fig. 2, upper panel) , and predominantly atrial septum defects (ASD) (Fig. 2, lower panel) . On the other hand, no significantly increased incidence of septal heart defects was observed in children exposed to PTU or in children born to mothers treated with ATD before or after pregnancy (Fig. 2, upper panel) . Malformations of genital organs were the second most frequent type of birth defects after MMI exposure (n = 5) and these were all observed in males. When analyses were restricted to boys, MMI exposure was associated with a significantly increased incidence of genital malformations (P = 0.04), whereas no increased incidence was observed in children exposed to PTU (P = 0.5) or born to mothers Table 2 Cumulative incidence of birth defects diagnosed before the age of two years in children born to mothers treated with methimazole (MMI) or propylthiouracil (PTU) in early pregnancy, in children born to mothers treated with antithyroid drugs (ATD) before or after, but not in pregnancy, and in children born to mothers with no use of ATD in the study period. Table 3 Crude and adjusted hazard ratio (HR) with 95% confidence interval (95% CI) for birth defects diagnosed before the age of two years in children born to mothers treated with methimazole (MMI) or propylthiouracil (PTU) in early pregnancy and in children born to mothers treated with antithyroid drugs (ATD) before or after, but not in pregnancy. The reference group is children born to mothers with no use of ATD in the study period. (Table 2 ) was the absence of cases of birth defects in the subgroups of severe malformations previously described in the MMI embryopathy. Thus, no cases of choanal atresia (Q30-38), esophageal atresia (Q39-45), omphalocele (Q79) or aplasia cutis (Q80-84) were observed after early pregnancy MMI exposure alone (Table 2) .
MMI in early pregnancy
PTU exposure
Among PTUexposed children, the incidence of ear malformations (P = 0.008) and urinary system malformations (P = 0.03) were significantly increased compared with nonexposed ( Table 2 ). The malformations observed after PTU exposure (Fig. 3) were confined to other malformations of the ear (Q17) including accessory auricle (n = 2) and obstructive urinary system malformations (Q62) including congenital hydronephrosis (n = 3). No cases of other ear malformations (Q17) was observed after MMI exposure or in children born to mothers treated with Figure 2 Cumulative incidence of septal heart defects diagnosed before the age of two years in children born to mothers treated with MMI in the early pregnancy ('MMI in early pregnancy') or PTU ('PTU in early pregnancy'), in children born to mothers treated with antithyroid drugs (ATD) before or after, but not in pregnancy ('ATD before or after pregnancy'), and in children born to mothers with no use of ATD in the study period ATD before or after pregnancy (Fig. 3, upper panel) . For malformations of the urinary system, the incidence was not significantly increased after early pregnancy MMI exposure or in children born to mothers treated with ATD before or after pregnancy (Fig. 3, lower panel) . Finally, two cases of malformations within the digestive system were observed in children exposed to PTU (Table 2 ), but comparison with nonexposed did not reach statistical significance (P = 0.06). The cases were malformations within the upper alimentary tract and the intestine. No malformations of the digestive system were observed after MMI exposure (Table 2) , and the incidence in children born to mothers treated with ATD before or after pregnancy was similar to nonexposed (0.3%, P = 1.0).
MMI and PTU exposure
A subgroup of children (n = 66) were born to mothers who redeemed prescriptions of both MMI and PTU in the early pregnancy. In this group, four children (6.1%) had birth defects diagnosed before the age of two years, which was not significantly different from the incidence among nonexposed (P = 0.6). The birth defects included choanal atresia (n = 1), ventricular septal defects (VSD) (n = 2), male genital malformations (n = 3), urinary system malformation (n = 1) and malformation of upper alimentary tract (n = 1). Although the number of exposed children was small, the findings indicated an increased incidence of choanal atresia (P < 0.001), VSD (P = 0.02) and male genital malformations (P = 0.03) compared with nonexposed. The majority of children (n = 62) were born to mothers who changed from MMI to PTU including three children with birth defects. The median time from pregnancy start to the shift from MMI to PTU was 41 days (interquartile range (IQR) 33-49 days) among the 59 children with no birth defects. Among children diagnosed with birth defects (n = 3), timing of shifting was significantly later (median 56 days (IQR 52-56 days), P = 0.03) suggesting a longer period of MMI exposure.
Sensitivity analysis
The primary outcome was predefined as a diagnosis of birth defects in the child before the age of two years. In a post hoc sensitivity analysis, we obtained similar results when the followup period for a diagnosis of birth defects was restricted to one year (incidence of birth defects before one year of age in MMI exposed: 5.6%, PTU exposed: 5.1%, ATD before or after, but not in the pregnancy: 6.7%, nonexposed: 6.6%, P = 0.8). The incidences of birth defects at one month of age were in MMI exposed: 1.2%, PTU exposed: 2.8%, ATD before or after, but not in the pregnancy: 2.9%, nonexposed: 3.1%, and not significantly different in overall comparison (P = 0.6) or for comparison of MMIexposed vs nonexposed (P = 0.2) and PTU exposed vs nonexposed (P = 0.9).
Discussion
Principal findings
In a Swedish nationwide study, no overall increased incidence of birth defects was observed in children born to mothers treated with MMI or PTU in early pregnancy compared to nonexposed children and to children whose mother had been treated with ATD before or after, but not in pregnancy. However, for subtypes of birth defects, PTU and MMI were associated with types of birth defects previously described in a similar setting including ear and urinary system malformations after PTU exposure and heart septal defects after MMI exposure. On the other hand, severe malformations described in the MMI embryopathy were rarely observed in this study.
Previous findings
In 2002, a short report from Sweden raised concern about the use of MMI in early pregnancy (19) . The authors had searched the Swedish MBR and the Swedish Register of Congenital Malformations in the period from 1995 to 2000 and reported four cases of children with severe malformations including esophageal atresia, omphalocele or choanal atresia after maternal treatment with 20-30 mg MMI/day in early pregnancy. In their letter (19) , they cautioned against the use of MMI in women of reproductive age unless they used a safe birth control regime. Their report was in line with other case presentations about this time and the proposal of an MMI embryopathy (20) . As reviewed by Mandel and Cooper in 2001 (21) , no cases of malformations after PTU had been reported at this time, and PTU was preferred for the treatment of hyperthyroidism in pregnancy, but the MMI embryopathy was considered rare.
More recent studies have shown divergent results (22) . Some studies showed no association (8, 10, 12, 13) , whereas studies from Japan (9) and Denmark (11) have shown an increased risk of birth defects after the use of MMI in early pregnancy and the Danish study reported an increased prevalence of birth defects after PTU exposure (14) . The present study was conceptualized to extend the burden of evidence, particularly the findings in the Danish study on birth defects after PTU exposure. The study was nationwide and registerbased similar to the Danish study and similar definitions of exposure and outcome were used to ensure comparability and to reduce the risk of differential misclassification.
Overall, the present study showed no increased incidence of birth defects after maternal use of MMI or PTU in the early pregnancy. However, the study indicated associations with subtypes of malformations previously observed and described in the Danish study (11) . MMI exposure was associated with a higher incidence of heart septal defects in both studies. The Danish study showed a dominant feature of VSD (18) . ASD was the predominant subtype in this study, but VSD was observed among children exposed to both MMI and PTU. Previous reports have indicated that heart septal defect may be part of the MMI embryopathy (18) . The clinical impact of such defect after ATD exposure needs to be addressed in further studies with longer followup; however, we noticed that the majority of children identified with heart septal defects after ATD exposure in the present study had registrations of multiple malformations. A notable difference between this study and the studies from Japan (9) and Denmark (11) was the absence of severe malformations indicative of the MMI embryopathy apart from one case of choanal atresia observed among children exposed to both MMI and PTU. A methodological limitation of the present study was the low frequency of MMI exposure. Furthermore, we studied all liveborn children in Sweden, which may underestimate the frequency of severe malformations not leading to birth of a liveborn child. Characteristic of the studies that found an association (9, 11) was the large number of MMIexposed children (>1000 children), whereas a similarity between the present study and other recent studies (8, 10, 12, 13 ) that found no association was the relatively low frequency of MMI exposure (<200 children) (22) . In addition to sample size, many other aspects possibly determine differences between studies. Information on and definition of ATD exposure as well as outcomes of birth defects differ between studies. Furthermore, the hyperthyroidism of Graves' disease is linked to genetic and environmental factors (23) and the etiology of birth defects is similarly complex (24) . Thus, other risk factors may also be of causal importance.
PTU exposure was associated with an increased incidence of ear malformations, and obstructive urinary tract defects in the present study, which is in line with the findings from the Danish study (14) . The type of ear malformation differed slightly and the majority of Danish cases were diagnosed as preauricular sinus/fistula/cyst, whereas the Swedish cases included accessory auricle. Both types of defects arise from abnormal development of the auricle and are typically located anterior to the auricle (25, 26) . The preauricular sinus/fistula/cyst typically presents as a small pit (25) , whereas the accessory auricle typically presents as a skincovered nodule (26) . A shared feature was the registration of surgical procedures related to the disorder. The types of birth defects of the urinary system also showed similarities between the studies and were specified as obstructive defects of the urinary system.
The present study observed cases of gastrointestinal malformations after PTU exposure. A recent case report described congenital bands with intestinal malrotation in the child after maternal use of PTU in pregnancy (27) . Another study described gastrointestinal malformations after exposure to untreated maternal hyperthyroidism (28) . We had no information on maternal thyroid function or dose of ATD. Studies covering this information have shown divergent results (9, 29) and the role of these factors needs to be further addressed in future studies. In line with the Danish study (11) , the present study showed no increased risk of birth defects in children born to mothers treated with ATD before or after, but not in pregnancy. Similarly, a previous study from Sweden (30) compared birth characteristics of children born to mothers previously treated for Graves' disease or toxic nodular goiter with children born to mothers with a history of surgical treatment for nontoxic goiter and showed no difference in the incidence of birth defects between these groups.
Methodological comments
The validity of the nationwide registers in Sweden is considered high (15, 16, 17, 31) , and we defined exposure from redeemed prescriptions of drugs to reduce the risk of referral bias (32). We do not know if the women actually took the medicine, but compliance with drugs used for treatment of chronic disorders in pregnancy is considered high (33) . We acknowledge that our study was limited by the low frequency of ATD exposure in early pregnancy, which is a challenge when the outcome under study is rare (22) and, thus, especially for the analyses of subtypes of birth defects. A lower incidence of hyperthyroidism in Sweden than that in Denmark is compatible with a historical lower iodine intake in Denmark (34, 35 aspects are differences in smoking habits (36) and in the clinical management of hyperthyroidism in women of reproductive age. Thus, the clinical practice in Sweden may favor definitive therapy before pregnancy in women of childbearing age. The incidence of birth defects observed in the present study was 8% in non exposed children at the age of two years. We included diagnoses of both minor and major malformations from inpatient and outpatient visits in hospitals and in outpatient clinics. Thus, the majority were diagnosed at outpatient visits. The incidence when assessed at one month of age was ~3% compatible when general figures (24, 37) .
Perspectives
Recently revised clinical practice guidelines highlight the importance of detecting a pregnancy as early as possible and to perform any change in therapy before the critical window of exposure in early pregnancy (4, 5) . Although the present study was challenged by a low frequency of ATD exposure, evaluation of children born to mothers who shifted from MMI to PTU in the early pregnancy indicated a potential risk associated with a relatively late shift in therapy, in line with a previous report (7) . Guidelines recommend the use of PTU for the treatment of maternal hyperthyroidism in early pregnancy, and also suggest the possibility of ATD withdrawal if the risk of relapse or worsening of hyperthyroidism is considered low (4, 5) . The recommendation on ATD withdrawal is classified as a weak recommendation based on lowquality evidence and the risk of relapse after ATD withdrawal in pregnancy specifically has not been determined (4, 5) . This study reports an increased incidence of subtypes of malformations after both MMI and PTU in line with previous reports, but future large studies are needed including evaluation of dose dependency and the potential impact of maternal hyperthyroidism and autoimmunity per se.
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